We examined blood pressure (BP) in association with weight change since age 20, body mass index (BMI) at different ages and fat distribution in normotensive individuals using baseline survey data collected in the Shanghai Men's Health Study, an ongoing populationbased prospective cohort study of Chinese men aged 40-74 years. All anthropometric and BP measurements were performed by medical professionals. Included in this analysis were 25 619 men who had no prior history of hypertension, diabetes or cardiovascular disease, never took any antihypertensive medication and had both normal systolic BP (SBP) and diastolic BP (DBP) (o140/90 mm Hg). Both SBP and DBP increased linearly across the whole range of weight gain since age 20. The adjusted mean differences between the highest and the lowest quintiles of weight gain were 6.0 mm Hg (95% confidence interval (CI): 5.6, 6.5) for SBP and 3.9 (95% CI: 3.6, 4.2) for DBP. When accounting for BMI at age 20, the multivariate-adjusted odds ratio of prehypertension (SBP, 120-139 and/or DBP, 80-89 mm Hg) was 4.1 (95% CI: 3.7, 4.5; P for trend o0.0001) comparing the extreme quintiles of weight gain. Similar positive associations were also observed for BMI at age 40, current BMI, circumferences of the waist and hips and waist-to-hip ratio. In conclusion, these data suggest that weight gain since age 20 and elevated adiposity may contribute significantly to the rise in BP in normotensive individuals, emphasizing the importance of weight control throughout adulthood in preventing high BP.
Introduction
Substantial evidence exists that body weight and weight gain are major determinants of the rise in blood pressure (BP) that commonly occur with ageing. [1] [2] [3] Body fat distribution has also been shown to contribute to the genesis of obesity-hypertension syndrome. [4] [5] [6] Previous studies that have addressed these issues focused primarily on hypertension [7] [8] [9] [10] [11] and largely involved populations with a high prevalence of overweight and obesity. [8] [9] [10] 12 Few studies have evaluated the impact of weight change, attained body weight and fat distribution on BP among individuals with normal BP, [12] [13] [14] particularly those who are relatively lean. 15 Given the observation that the relationship between BP and cardiovascular disease is continuous and many BP-related cardiovascular events are seen in individuals with high-normal or even normal BP, it is important to identify factors that may contribute to the rise in BP among these normotensive individuals. 16 We examined the associations of weight change since age 20, body mass index (BMI) at various ages, current BMI and waist circumference with BP levels in nonobese normotensive individuals using baseline survey data collected in the Shanghai Men's Health Study (SMHS) , an ongoing population-based prospective cohort study of Chinese men 40-74 years of age.
Materials and methods

Study population
The SMHS is an ongoing prospective cohort study of 60 000 men with a primary focus on the relationships of lifestyle and dietary factors with cancer and other chronic diseases. Study recruitment, initiated in 2001, was conducted in seven urban communities of Shanghai. By the end of January 2006, 54 189 male residents between the ages of 40 and 74 years in the study communities had been enrolled for the study and had completed a baseline survey, with a participation rate of 74.1%. The major reasons for non-response were refusal (20.7%), out of area during the enrolment period (3.0%) and other miscellaneous reasons (2.2%), including poor health or difficulty in hearing or speaking.
The baseline survey was conducted in-person at participants' home by trained interviewers using structured questionnaires. The questionnaires covered, among other topics, information on demographic characteristics, lifestyle and dietary habits, weight history and medical history (including a history of physician-diagnosed hypertension and use of antihypertensive medications). Participants were also measured for BP and current weight, height and circumferences of the waist and hips. All interviews were tape-recorded and selectively checked by quality-control staff to monitor the quality of the interview data. The study was approved by the relevant Institutional Review Boards for human research in China and the United States. Written informed consent was obtained from all study participants.
For the present study, we excluded subjects who had a history of physician-diagnosed hypertension (n ¼ 16 294), coronary heart disease (n ¼ 3047), stroke (n ¼ 2004) or diabetes (n ¼ 3432), or took any antihypertensive medication (n ¼ 12 559). We also excluded those who were found at recruitment to have high BP, defined as systolic BP (SBP) X140 mm Hg (n ¼ 14 992) or diastolic BP (DBP) X90 mm Hg (n ¼ 15 815), or have an extremely low BP (SBP o80 mm Hg (n ¼ 1) and DBP o50 mm Hg (n ¼ 3)). In addition, subjects with missing data on BP (n ¼ 1099) or anthropometric measurements (n ¼ 93) were also excluded. After these exclusions, a total of 25 619 normotensive subjects remained for this analysis.
Anthropometric and BP measurement
All anthropometric and BP measurements were carried out according to standard protocols by trained interviewers who were retired health professionals. 17, 18 Study participants were asked to wear light indoor clothing during the measurements. Waist circumference was measured at 2.5 cm above the umbilicus (about midway between the lowest rib and iliac crest) and hip circumference at the level of maximum width of the buttocks with the subject in a standing position. Weight was measured to the nearest 0.1 kg using a digital weight scale that was calibrated every 6 months. Heights and circumferences were measured to the nearest 0.1 cm. All measurements were taken twice. A tolerance limit of 1 kg was set for weight and 1 cm for height and circumference measurements. A third measurement was taken if the difference between the first two measurements was greater than the tolerance limit. The average of the two closest measurements was used in the analysis. In this study, weight change was defined as the difference between current weight and recalled weight at age 20. BMI was calculated as weight in kilograms divided by the square of height in meters. Waist-to-hip ratio was calculated by dividing waist circumference in centimetres by hip circumference in centimetres.
BP was measured using a conventional aneroid sphygmomanometer after participants sat quietly for at least 5 min. 18 The aneroid devices were also calibrated every 6 months by staff from Shanghai Municipal Bureau of Quality and Technical Supervision. An average of two BP readings was used in this analysis. According to the JNC-7, subjects were also classified into two categories: normal BP (SBP o120 and DBP o80 mm Hg) and prehypertension (SBP 120-139 and/or DBP 80-89 mm Hg).
Statistical analysis
Subjects were classified according to quintile distributions of anthropometric variables. We applied SAS LOESS to graphically show the variation of BP with age and anthropometric measures with optimal smoothing parameters defined by the program. 19, 20 Multiple linear regression models were used to estimate adjusted means of BP and their 95% confidence intervals (CIs), and unconditional logistic regression models were used to calculate adjusted odds ratios (ORs) and their 95% CIs for prehypertension associated with various anthropometric variables. A linear trend test was performed by treating each ordinal score variable as a continuous variable in the models. Variables adjusted for in the multivariate analysis included age (in years), education (four categories), income (four categories), regular cigarette smoking (yes or no, defined as continuous use of cigarettes, at least one cigarette per day for more than 6 months), regular alcohol consumption (yes or no, defined as consuming beer, wine or spirits, at least three times per week, for more than 6 months continuously), regular exercise (yes or no, defined as participating in any kind of exercise at leisure time at least once a week for more than 3 months without interruption) and daily dietary sodium intake (five categories). As BP is characterized by diurnal variation, time at BP measurement was also adjusted for in the analysis. All tests of statistical significance were based on two-sided probability.
Results
The mean age of the study population was 50.378.4 years and the mean BMI was 22.872.87 kg/m 2 , with the prevalence rate of overweight (BMI X25 kg/m 2 ) and obesity (BMI X30 kg/m 2 ) being 21.9 and 0.86%, respectively. The mean values of SBP and DBP were 113.2711.6 and 73.377.4 mm Hg. SBP increased progressively with increasing age, whereas the increasing trend of DBP peaked at age 52 years and declined slightly thereafter (data not shown). Table 1 shows the median values of weight change since age 20 according to selected demographic and lifestyle factors at recruitment. Subjects with greater weight gain were more likely to be younger men, have higher educational attainment and higher house-hold income, but were less likely to use tobacco products or alcoholic beverages regularly. There was no clear pattern in the association between weight change and dietary sodium intake. Figure 1 schematically presents the association of SBP and DBP with weight change since age 20 for each age group. Overall, both SBP and DBP increased with increasing weight gain, but decreased with increasing weight loss across all age groups. The trend appeared to be monotonic and approximately linear. Similar associations with BP were also found for current waist circumference and BMI. Table 2 shows the adjusted mean differences in BP according to quintiles of various anthropometric measurements. After adjustment for age, socioeconomic status, physical activity, cigarette smoking, alcohol drinking and total dietary sodium intake, positive, graded associations with BP were observed for weight gain since age 20, BMI at age 40, current BMI, circumferences of the waist and hips, and their ratio, but not for BMI at age 20 or height. Men in the highest quintile of weight gain per 5 years since age 20 had 6.0 mm Hg (95% CI: 5.6, 6.5) higher SBP and Body weight, weight change and normotensive blood pressure G Yang et al 3.9 mm Hg (95% CI: 3.6, 4.2) higher DBP than those in the lowest quintile ( Table 2 ). The increments between the extreme quintiles of other variables ranged from 3.6 to 6.9 mm Hg for SBP and 2.5 to 4.4 mm Hg for DBP. Additional adjustment for birth calendar year and the number of weight fluctuation (75 kg) since age 20 did not appreciably alter the results. We also estimated ORs for prehypertension according to weight gain, current BMI and waist circumference after adjustment for the potential confounding variables (Table 3 ). Regardless of BMI at age 20, a fourfold elevated risk of prehypertension was found in men in the highest quintile of weight gain compared to men in the lowest quintile of weight gain (OR ¼ 4.1; 95% CI: 3.7, 4.5; P for trend o0.0001). Similar results were also found for BMI (adjusted OR ¼ 3.8; 95% CI: 3.5, 4.2; P for trend o0.0001) and waist circumference (adjusted OR ¼ 3.2; 95% CI: 3.0, 3.6; P for trend o0.0001).
As cigarette smoking was associated with high BP but low body weight, to eliminate the possibility of residual confounding by smoking, we conducted additional analyses limited to subjects (n ¼ 8640) who had never smoked and found no material change in the results. Body weight, weight change and normotensive blood pressure G Yang et al Differences in mean SBP and DBP (mm Hg), relative to the reference level, were adjusted for age, education, household income, cigarette smoking, alcohol drinking, exercise, dietary sodium intake, and time at blood pressure measurement.
Discussion
In this large population-based study of relatively lean, normotensive Chinese men, weight gain since age 20 and measures of total and regional adiposity were all found to be positively and significantly associated with levels of BP in a dose-response manner. These associations were independent of age, socioeconomic status and other major risk factors for hypertension. Numerous epidemiologic studies [1] [2] [3] [4] [5] [6] 12, 13, [21] [22] [23] [24] and interventional trials [25] [26] [27] [28] have demonstrated that weight change and excess weight plays a major role in determining BP levels, particularly among individuals with high BP. Few studies have evaluated the impact of weight and weight change on BP in normotensive individuals. [12] [13] [14] Our study provides support for and extends previous findings by showing a continuous, positive relation between BP and weight gain, and excess weight among individuals at the lower end of the BP spectrum. Our data further underscore the importance of weight control in preventing high BP.
The exact mechanism by which adiposity raises BP is not well understood. Obesity and insulin resistance, along with hypertension, are major components of metabolic syndrome. 29 It has been proposed that insulin resistance and subsequent hyperinsulinaemia may play an important role in mediating the obesity-hypertension association. Hyperinsulinaemia may raise BP by multiple mechanisms, including enhanced activity of sympathetic nervous system, increased renal sodium reabsorption, endothelial dysfunction and upregulation of renin-angiotensin system. [30] [31] [32] [33] [34] Recent research also suggests a role for inflammatory mediators in altering mechanisms of vascular tone regulation, leading to high BP. 35 Some methodological limitations of the study should be addressed. The recall accuracy of weight history at age 20 and 40 years is a concern. Although it has been shown in several studies that the selfreported past weight is considerably accurate, 36 studies have shown that heavier people tend to under-report their weight to a greater extent than normal weight people, 37 which may bias the risk estimates to the null. In addition, individuals with different levels of weight and weight change also differed in several other respects, such as certain lifestyle and dietary factors. Although we have carefully controlled for these potential confounding factors, we could not completely rule out the possibility of residual confounding because of unmeasured or inaccurately measured covariates. The use of BP measured on a single occasion is another limitation. However, several studies have shown that a single BP reading can be a strong predictor of future cardiovascular disease events. 38 Finally, because of the cross-sectional nature of the study, a temporal sequence could not be established.
The strengths of our study include the populationbased study design and the high participation rate, both of which minimized potential selection bias. Moreover, unlike most previous cohort studies, our study used anthropometric variables that were directly measured by trained medical professionals rather than anthropometrics that were self-reported or self-measured, which eliminated bias-related differential reporting and minimized measurement errors. In summary, we found in this large populationbased study a strong positive association of weight gain and increased adiposity during adulthood with BP among normotensive individuals. Along with previous findings, these data suggest that promoting weight control in the general population is crucial to preventing increases in BP.
